The dynamic free field response of two stratified deposits with different stiffness ratios between the top and the bottom layer was analysed by shaking table testing. The granular deposits were contained in a laminar shear box and subjected to a wide set of dynamic inputs with different frequency content. Two exploratory modal testing techniques were employed to measure the natural frequency of the individual layers and the results were employed in the calculation of the fundamental period of the overall stratified profile by an extended variant of the Madera procedure [1]. The dynamic response was investigated in relation to the frequency content of the dynamic excitation, the granular material properties and the stiffness characteristics of the enclosing container. The measured dynamic stiffness for the mono-layered and the bi-layered sand deposits compare well with previous empirical curves for sands increasing the confidence in the shaking table and shear stack testing as tools of dynamic investigation of granular media.
Introduction
The shearing stress-strain behaviour of soils is key to understanding how sites and buildings respond to earthquakes. The effect of local soil conditions on the observed magnitude and patterns of seismic damage to buildings has been studied extensively in the last four decades [2] [3] [4] [5] [6] [7] . The shearing behaviour of soils, notably the shear modulus and damping ratio were found to be the properties that govern dynamic soil-structure interaction at all strain levels. The measurement of these properties has been the central objective in numerous laboratory and field studies [8] [9] [10] [11] [12] [13] . Among the various tools employed in the dynamic analysis of granular media, shaking table testing is an important one, due to its capability of reproducing a wide set of real and artificial seismic inputs with relevance for the free field response. A large number of shaking table studies [14] [15] [16] [17] [18] employ flexible container boxes ('shear stacks') designed to replicate the free field response of a soil in plane strain conditions. Their role is to shear the soil via vertically propagating shear waves produced by the accelerating shaking table. In a large scale shear stack a large volume of soil can be tested, therefore the results may be more representative of the prototype field conditions. The boundary effects in a large shear stack are smaller than in table-top shear devices and the volume of soil situated in the central part of the container reproduces better the free field conditions for a given wavelength. It is also known that the design of a shear stack can be tuned to operate over wide strain ranges with granular materials of different stiffness value [19] . This, in particular, makes the shear stack useful for studying the large-strain dynamic moduli under seismic excitation. Several laminar shear box designs have been reported for both uniaxial and biaxial loading [20] [21] [22] [23] [24] [25] [26] . While there is a large body of literature on tests on homogeneous soils, experimental data on stratified deposits is scarce. This paper presents an experimental programme of dynamic testing 2 carried out on three deposits of dry granular material at Bristol University. An homogeneous deposit of sand and two bi-layered deposits of sand and rubber granules were tested in a uniaxial shear stack. The shear stack was assembled rigidly on the platform of a shaking table. Pulse tests and random white noise tests were carried out to measure the natural frequency of the individual layers. The fundamental periods of the stratified deposits were evaluated and compared to an analytical solution from the literature ( [1] ). The influences brought by the particulate material characteristics and the dynamic input parameters on the free field response were analysed. Aspects such as container-deposit coupling and deposit mode shapes were interpreted in relation to the deposit stiffness and the applied dynamic inputs.
Experimental Programme

Shear Stack
The shear stack employed in this study was a medium-sized uniaxial laminar container of length 1.2 m, width 0.5 m and height 0.8 m. The shear stack was built at Bristol University in 1993 [20] and has been since subjected to several design improvements directed in particular towards lowering its stiffness [27] . Previous investigations of the shear stack have shown that its fundamental frequency when empty is about 6 Hz. The stack is active in one direction only, with its eight aluminium rings designed to move freely in the direction of shaking. The response in the other two directions is blocked by a steel rigid frame and a system of bearings. The stack end walls and base have a rough surface to allow complementary shear stresses to develop. Its side walls are lubricated to allow uniform plane strain conditions in the deposit. The shear stack is installed on the platform of a six-degrees-of-freedom earthquake simulator (the 'shaking table'). The shaking table consists of a 3 m x 3 m cast aluminium platform weighing 3.8 tonnes and is capable of carrying a maximum payload of 15 tonnes. A wide set of dynamic inputs such as sinusoidal waves, sinusoidal sweep waves, real or artificial earthquakes can be reproduced, making the shaking table a versatile tool for dynamic testing. Horizontal accelerations of up to 3.7 g (with no payload) and up to 1.6 g (with 12 tonnes payload) can be achieved.
In this experimental project the shear stack was installed with its long side (shearing direction) on the Y axis of the shaking table and the dynamic inputs were applied only on the Y axis (Fig.1) .
Fig. 1
The shear stack rigidly installed on the shaking table. 
Materials and Experimental Set-Up
The programme of testing employed three granular materials with different particle properties: Leighton Buzzard (LB) sand BS 881-131, Fraction B and Fraction E (Table 1) and rubber granules type Charles Lawrence CT0515B. One monolayer configuration (E) and two layered configurations (BEE and ER) were built by pluviation. For the layered configurations, the median line of the enclosing container (z =0.4 m) marked the interface between the two layers of contrasting stiffness. The layout and the stiffness ratio between the top and the bottom layers for the selected configurations are shown in Fig. 2 . A mixture of LB-Fraction B and LB-Fraction E particles was employed to model the stiff bottom layer in the BEE configuration. The mean diameter ratio between the two fractions of sands (D50-Fraction B : D50-Fraction E = 5.77) was considered beneficial for an increase of packing when the two types of particles were mixed together. The fine particles were expected to fill in efficiently the voids in the large particle matrix. The mass composition (denoted by X) corresponding to the theoretical maximum packing density of the mixture was calculated according to a classic model of packing [28] , resulting in XFraction B: XFraction E = 85:15. Further densification of the bottom layer after pluviation was achieved by tapping the deposit on a shaking 3 ) The upper prototype layer of lower stiffness was modelled with either Leighton Buzzard Fraction E (in the BEE configuration) or rubber granules CT0515 (in the ER configuration), respectively. The material properties, the parameters employed in pluviation and the experimentally obtained bulk densities are presented in Table 2 . A uniform densification was achieved throughout the depth of the individual deposits. (Fig. 3 ).
Fig. 3
Accelerometer layout in the shear stack (top: elevation, bottom: plan view, 'a': accelerometer position)
Exploratory Modal Testing
The low strain stiffness of the deposits was measured by modal testing involving sinusoidal pulses and random white noise. Pulse testing employed half-sinusoidal pulses of 10 Hz frequency, generated by the shaking table in the Y direction. The measured travel time of the shear wave between accelerometers served for computing the shear wave velocity. The second modal testing technique employed a random white noise signal of 1-100 Hz bandwidth and RMS=50 mV ('Root Mean Squared' voltage) generated by the shaking table in the Y direction. Frequency response functions (FRFs) were calculated by normalising the output of the receiving accelerometer (a2-5 in Fig.3 ) by the shaking table input in the frequency domain. The peaks of the FRF functions indicate frequencies of interest for both the granular deposits and the enclosing container. To avoid insufficient sampling of the data along the space axis ('spatial aliasing'), the vertical distance between adjacent accelerometers must be less than the half-wavelength of the shearing wave [29, 30] . For the experimental layout presented in Fig. 3 , the distance between adjacent accelerometers is 0.2 m. The first critical shear wavelength c that would trigger spatial aliasing would be 0.4 m.
Thus, the critical aliasing frequencies were obtained from Eq.1:
where: G0 = small-strain shear modulus, ρ = deposit density and λc = critical shear wavelength.
By employing the shear wave velocities (Vs) measured via white noise testing in Eq. 1, the critical aliasing frequencies for the materials employed were determined ( Table 3 ). The calculated frequencies show that 'spatial aliasing' was not an issue for sand configurations. The critical aliasing frequency for the rubber layer was at the boundary of the frequency spectrum when large frequency scaling factors were used for the seismic input. For example, for an unscaled earthquake with a maximum energy content in the 2-4 Hz region (e.g. Friuli (1976) -Tolmezzo-A270), a 12-time frequency scaling of the input motion will range close to the 24-48 Hz region. To achieve a good representation of the measured signal, not only 'spatial aliasing' but also 'temporal aliasing' had to be prevented. 'Temporal aliasing' refers to under-sampling of data in the time domain. This was avoided by sampling at frequencies strictly greater than the double of the maximum frequency component within the measured signal. The sampling rate employed in this study was 1000 Hz in exploratory pulse and white noise tests and 200 Hz in seismic tests.
Seismic Testing
Unscaled and frequency scaled real acceleration records of three Italian earthquakes [Friuli (1976) , Irpinia (1980) and Norcia (1998)] were used to drive the earthquake simulator. The acceleration time histories and the Fourier spectra of the chosen seismic records (Tolmezzo-A270, Sturno-A000, and Norcia-R090) are shown in Fig. 4 . The selected inputs have different energy distribution patterns and different Fourier amplitudes, therefore a good variety of soil responses could be obtained. Before being applied in the experiments, the amplitude of the signals was amplified in the time domain in order to reach a common peak ground acceleration value of 0.3 g. The inputs were also frequency scaled at scaling factors (SF) of 2, 5 and 12 to shift the band of maximum seismic energy to higher frequency ranges. For example, the tests with an input scaling factor of 12 involved baseline frequencies in the 24-48 Hz range. In this manner, the influence of the frequency / energy content of the earthquake on the free field response could be explored. A summary of experimental programme detailing the soil configuration and the inputs for each test is presented in Table 4 . 
Results and Discussion
Modal Testing
Modal testing techniques that measure the shear wave velocity of the materials in 'as-pluviated' state in the shear stack can reveal a more realistic value of stiffness than the laboratory techniques 
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Frequency employing small material samples confined in simplified boundary conditions (e.g. resonant column tests). Modal techniques employed 'in-situ' are believed to be less disturbing for the granular texture, therefore having more chance of capturing the small strain stiffness of the deposits.
In pulse testing, the shear wave velocity was inferred by measuring the vertical shear wave travel time between accelerometers located at certain ordinates in the deposits. Pulse testing is least disturbing, having thus the ability to capture the soil stiffness at very small strains. However, the measurements of shear wave velocity by pulse testing were found to be influenced by the signal amplitude and by the location of the receiving accelerometer (Fig.5 ). In addition, the evaluation of the arrival time of shear waves at the receiving end was a manual technique influenced by the subjectivity of the operator.
(a) (b) (c) The shear wave velocity reported at the end of testing represented the average of the measurements taken in three different pulse tests carried out in similar conditions for each of the deposits selected. The granular deposits were assumed to behave elastically at low strain amplitudes (less than 10 -3 %). This allowed the theory of wave propagation through elastic media (the elastodynamic theory) to be applied. The shear modulus at low strain amplitude (G0) was obtained from the shear wave velocity Vs and the soil mass density ρ as in Eq.2: (2) White noise testing involved the computation of frequency response functions (FRFs) for both the deposits and the shear stack. A frequency response function (FRF) is a transfer function, expressed in the frequency domain. Frequency response functions are complex functions, with real and imaginary components. They may also be represented in terms of magnitude and phase. In general, a frequency response function expresses the structural response (in this case the response of the soil layer) to an applied force (input signal) as a function of frequency. The response may be given in terms of displacement, velocity, or acceleration. In this project, the response is given as acceleration measured at various locations in the soil layer. White noise testing used a random noise signal of bandwidth where H is the height of the shear stack and fn is the natural frequency of the deposit.
By normalising the output of the accelerometers located inside the deposit by the shaking table input in the frequency domain, the frequency corresponding to the first mode of vibration could be obtained. As expected, the natural frequency increases from the loose to the dense deposits (fn = 24 Hz for LB-Fraction E, fn = 32 Hz for the sand mixture LB-Fraction B-LB-Fraction E) (Fig.  6 ). The natural frequency of the rubber CT0515 layer could not be determined in white noise tests, as this low density layer became decoupled from the shear stack motion. The shear stack "drives" the response, therefore the natural frequency of the rubber layer was believed to be lower than the natural frequency of the shear stack (fn -shear stack= 6 Hz). Similarly to the pulse test results, the white noise measurements were found to depend on the input magnitude: higher input amplitude naturally leads to a lower frequency measurement (Fig.6 ). Both the pulse and the white noise test measurements were found to be influenced by the position of the accelerometer receiver and by the signal amplitude. In pulse testing the measured shear wave travel time was found to increase with the magnitude of input. Higher magnitude pulses release more energy in the granular texture, being more likely to disturb the initial fabric of the soil. More details on the exploratory tests can be found in [31, 32] .
A summary of the average shear wave velocity Vs data obtained in modal tests and of the computed small strain stiffness values (G0) is shown in Table 5 . The values reported for rubber are the ones obtained in the pulse tests. The values reported for sands represent average results obtained in pulse and white noise tests. As expected, G0 increases with packing density from rubber CT0515 to the BEE sand mixture. 
Evaluation of Fundamental Periods for the Deposits
The measured fundamental period values for the decoupled granular layers were employed in the calculation of the fundamental period of the stratified deposits. The calculation employed an approximate analytical solution proposed by Hadjian [1] as an enhancement to the Madera procedure [33] . The Madera procedure consists of replacing the first two layers of an N-layer soil profile by an equivalent 'single' layer. This first equivalent 'single' layer and the third layer of the N-layer profile are then treated as the second two-layer system and, in turn, replaced by an equivalent single layer. The iterative application of this procedure yields the solution for the fundamental period of the total soil profile. The Madera procedure is chart based and presents inaccuracies associated with graphical interpolations between available discrete curves for H1/H2 (Fig.7, H1 , H2 = widths of the individual soil layers, T1, T2 = decoupled fundamental periods of the individual soil layers).
Fig.7
Graphical representation of the fundamental period solution for a two layer system [1] .
The approximate analytical solution proposed by Hadjian [1] increases the calculation accuracy and can also cater for a variation of density across the soil profile (Eq. 4-6) 
where H1 (H2) = height of top (bottom) layer, 1 (2) = density of top (bottom) layer, T1 (T2 )= decoupled fundamental period of top (bottom) layer, T = fundamental period of the two-layer soil profile.
The fundamental period values calculated in this study for the ER and the BEE deposits are shown in Table 6 . Table 6 Calculation of equivalent fundamental period for a 2-layered deposit It appears that the ER configuration (fER= 4.25 Hz) is less stiff than the shear stack (fshear stack= 6 Hz) and this may trigger the risk of soil decoupling from the enclosing container during dynamic testing. It is a fundamental requirement that the stack should be 'softer' than the deposit in order for the deposit to drive the response. It is only under these conditions that a realistic recreation of the soil shearing behaviour can be achieved.
Seismic Free Field Response
The time histories of the accelerometer signals inside the deposit and on the outside of the shear stack rings are instrumental in understanding basic aspects of shear wave propagation and motion coupling under seismic excitation. Figure 8 shows amplitude increase ('sand column amplification') and wave delay as the shear wave travels through the deposit vertically from the base (z =0.8 m) to the top (z =0 m). Fig. 8 Free field acceleration response (a-general, b-detail) for BEE soil configuration, input Sturno-A000, input scale factor SF=2. Figure 9 shows the outside accelerometer signals and the seismic input being out-of-phase. There is an expected delay of response as we move upwards from Ring 7 to Ring 1. The BEE granular deposit and the stack motions are coupled, as revealed by the free surface and the stack's Ring 1 responses that exhibit a mirror pattern. for BEE configuration, Sturno-A000, input scale factor SF=2.
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In order to investigate more thoroughly the degree of coupling between the shearing granular deposits and the container, frequency response functions (FRFs) were computed between the accelerometer signals and the seismic input at different locations inside and outside the stack. Figure 10 shows the FRFs inside and outside the shear stack for Sturno-A000 input at a frequency scaling factor SF=2.
Fig. 10
FRFs outside the shear stack and inside the granular deposits for Sturno-A000 input, input scale factor SF=2 .
The monolayer E deposit moves together with the shear stack in fully coupled motion, displaying little differences in motion pattern between the inside and the outside of the shear stack. The twolayer BEE is coupled to the shear stack motion, but the degree of coupling is less pronounced for the top half of the deposit which has lower stiffness (corresponding to Ring 1 and Ring 3 of the Free Surface E-Inside E-Outside outside response). As for the ER deposit the top half of the stack (Ring 1 and Ring 3) displays a softer response than the bottom half (Ring 5 and Ring 7) due to the very high stiffness contrast between the inside granular layers (Gbottom/ Gtop=80). The transfer functions calculated for the accelerometers located in the top rubber layer (z=0 m and z=0.2 m) do not exhibit any similarities with the transfer functions calculated for the bottom sand layer. This confirms the fact that the shearing pattern in the deposit column is interrupted at the interface between the two layers and that the top half rubber layer becomes decoupled from the shear stack. The free surface of the rubber layer shows an amplified response and its dynamics is characterized by random large displacement vibrations on both vertical and horizontal directions. The rubber layer's low stiffness is insufficient for driving the stack. In this latter case, the response is driven by the container and not by the granular deposit. It is thus confirmed that the relative stiffness between stack and the granular deposit has a paramount influence on the dynamic response and that an accurate investigation of the free field response requires a soft container and a sufficiently stiff deposit.
The normalized peaks of the Frequency Response Functions (FRFs) were instrumental in representing the mode shapes of the granular deposit and of the enclosing container, respectively. The peaks of the FRFs at various ordinates inside and outside the shear stack were normalized against the maximum value of the FRF for the monolayer E configuration. Comparisons between the mode shapes for the monolayer E configuration and the bi-layered BEE, and between the monolayer E and the bi-layered ER are shown in Fig.11a and Fig.11b , respectively. The E and the BEE configurations show a high degree of coupling between deposit and stack, while the ER deposit displays a very different shape from the stack mainly because the low stiffness top rubber layer decouples itself from the stack.
(a) (b) Fig. 11 Normalized mode shapes for E and BEE deposits (a) and E and ER deposits (b), respectively, inside and outside the shear stack (Sturno-A000 input, input scale factor SF=2).
Dynamic Stiffness Investigation
The stress-strain measurements from the seismic tests were employed in a detailed investigation of the small strain stiffness of the deposits. The interpretation of the measured dynamic stiffness was made in relation to the applied dynamic input and to the characteristics of the particulate materials in the deposits. A classic investigation of shear modulus and damping in soils [10] illustrated the importance of the set of factors influencing these two dynamic properties (Table 7) . For non-cohesive soils, the relative influence of strain amplitude, effective mean principal stress and void ratio on dynamic stiffness is known to be very high. It is worth observing that particle characteristics have both a direct influence, which is ranked as relatively unimportant, and an indirect influence via the void ratio parameter, whose effect is very strong. One of the objectives of the present study was to determine the influences of dynamic strain magnitude, initial stiffness (void ratio) and input frequency content on dynamic stiffness. Table 7 Parameters affecting shear modulus and damping [10] * V= very important, L= less important, R=relatively unimportant, U=relative importance not clearly known A pseudo-static free-field response of a soil column to a vertically propagating shear wave is conceptually represented in Fig. 12 . The lateral deflection vectors (ui(t)) are instrumental in evaluating the shear stress (a-b(t)) and the shear strain (a-b(t)), when the density ( of the deposit is known (Eqs. 7 and 8).
Fig. 12
Idealized soil response to shearing (ua(t) and ub(t) displacement vectors at two ordinates inside the deposit)
In this study, displacement, shear strain and shear stress time histories were evaluated by integrating the measured acceleration time histories. Cumulative trapezoidal integration was combined with filtering for elimination of baseline drifts. A high-pass Butterworth filter of 5 th order and a cut-off frequency of 0.5 Hz were employed to eliminate the low-frequency signal components. The evaluation of strain at the interface between the sandwich layers (z =0.4 m) for the BEE and the ER deposits, calculated for two different reference ordinates (z =0 m and z =0.2 m, respectively) is shown in Fig. 13 . It is interesting to see how the width of the shearing layer influences the value of the strain magnitude at the interface, according to Eq.7. It was found that the interface strains calculated against the two selected reference ordinates were of the same order of magnitude and displaying a similar pattern for the BEE configuration. However, the interface strains calculated against the two selected reference ordinates were very different for the ER deposit. The ER interface strains calculated against the free surface reference level were unrealistically large, due to the large displacements of the free rubber surface. Therefore, in the ER case, the free surface could not be taken as a reliable reference for computing strain. A further analysis of dynamic stiffness was carried out by representing the stress-strain loops for certain cycles extracted from the time histories of the seismic inputs. For example, one of the input cycles extracted from the Tolmezzo-A270, SF=2 acceleration record is shown in Fig. 14 . The evaluation of the difference in maximum and minimum shear stress applied during a loop, and the difference in maximum and minimum strain developed in that loop were employed in producing representative dynamic shear moduli. The dynamic strain () measurements in the seismic tests ranged up to a maximum value of 0.6 %. 
Fig. 15
Observed hysteretic response of soil in the shear stack for monolayer E configuration, input: Tolmezzo-A270, input scaling factor SF=2 .
The link between the frequency content of the input and the measured dynamic stiffness moduli was found to be significant. Higher input scaling factors (e.g. SF=12) shifted the earthquakes energy to the higher frequency range . Higher frequency cycling is associated with higher dynamic stiffness values, which is confirmed in Fig.16 . An average stiffness modulus measured for Sturno-A000, SF=2 was about 2.6 MPa, while the modulus measured at SF=12 was in the 4-6 MPa range. Both tests employed the same seismic input (same number of loading cycles N), but different frequency scaling factors (SF). The dynamic hysteretic response retains some memory of the initial stiffness of the deposit as it becomes evident for the two layer BEE configuration. Figure 17 shows lower dynamic stiffness for the lower density layer above the median line (z =0.4 m).
Fig.17
Observed hysteretic response of soil in the shear stack for BEE configuration, input: Sturno-A000, input scaling factor SF= 2.
The measured dynamic stiffness values for the deposits under selected seismic conditions were compared to a standard degradation curve for sands [9] . Figure 18 . Ex: S12 = Test Sturno-A000, input scaling factor SF=12.
Concluding remarks
Shaking table test results of granular materials sheared in plane strain conditions in a large uniaxial shear stack were reported. The shear stress-strain behaviour of three configurations (one witness mono-layered deposit and two bi-layered deposits) was analysed under a set of seismic inputs with different frequency content. Two modal testing techniques (i.e. pulse testing and random white noise testing) were successful in measuring the fundamental periods of the individual layers. The measured fundamental periods of the decoupled granular layers were employed in the calculation of the equivalent fundamental period of the bi-layered deposits by an enhanced Madera procedure ( [1] ).
The dynamics of the granular deposits was analysed in relation to the inherent stiffness the shear stack, the particulate material characteristics and the dynamic input parameters. The initial stiffness of the test deposits was mainly influenced by the packing density for sands (E and BEE configurations) and by the packing density and particle intrinsic stiffness for the rubber layer. The sand deposits (mono-layered E and the bi-layered BEE) drove the shearing response of the shear stack and exhibited motion coupling inside and outside the shear stack across the vertical direction. The ER configuration that consisted of rubber granules in its top layer was found to exhibit a lower fundamental frequency than the shear stack (fER= 4.25 Hz, fshear stack= 6 Hz), therefore its decoupling from the enclosing container during seismic testing was understood. The free surface measurements for the ER configuration were unreliable in strain calculations.
The dynamic hysteretic loops obtained in the experiments show some memory of the initial stiffness of the deposits, as it became evident for the two layered BEE configuration (higher secant stiffness for the dense/stiff bottom layer). The analysis of the hysteretic response of sands and the frequency content of the seismic input shows that higher frequency (24-48 Hz) loading cycles resulted in higher values of measured dynamic stiffness in both the monolayer and the stratified deposits. The shear stress-shear strain results for the mono-layered and the bi-layered sand deposits compare well with previous commonly-used empirical curves for sands [9] , increasing the confidence in the shaking table and shear stack testing for the dynamic investigation of granular media.
